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E xten d ed-soft-core  B aryon-B aryon M odel
I. N u cleon -N u cleon  S catterin g  (E SC 04)
Th.A. Rijken
Institute for Mathematics, Astrophysics, and Particle Physics,
Radboud University, Nijmegen, The Netherlands 
(Dated: version of: February 9, 2008)
The N N  results are presented from the extended-soft-core (ESC) interactions. They consist 
of local- and non-local-potentials due to (i) one-boson-exchanges (OBE), which are the members 
of nonets of pseudoscalar-, vector-, scalar-, and axial-mesons, (ii) diffractive-exchanges, (iii) two- 
pseudoscalar-exchange (PS-PS), and (iv) meson-pair-exchange (MPE). We describe a fit to the pp- 
and np-data for 0 < Tlab < 350 MeV, having a typical x 2/N data =  1.155. Here, we used ca 20 
quasi-free physical parameters, being coupling constants and cut-off masses. A remarkable feature 
of the couplings is that we were able to require them to follow rather closely the pattern predicted by 
the 3P0 quark-pair-creation (QPC) model. As a result the 11 OBE-couplings are rather constrained, 
i.e. quasi-free. Also, the deuteron binding energy and the several N N  scattering lengths are fitted.
PACS numbers: 13.75.Cs, 12.39.Pn, 21.30.+y
I. IN T R O D U C T IO N
In a series of three papers we present the results re­
cently obtained w ith the extended-soft-core (ESC) model
[I] for nucleon-nucleon (NN), hyperon-nucleon (YN), 
and hyperon-hyperon (YY) w ith S  =  - 2 .  For N N  
[1, 2, 3, 4 , 5] it has been dem onstrated  th a t the ESC- 
model in teractions give an excellent description of the 
N N -data. Also for YN the first a ttem p ts  [6, 7] showed 
th a t the ESC -approach is potentially  ra th e r prom ising to  
give im provem ents w .r.t. the  one-boson-exchange (OBE) 
soft-core models [8, 9]. As com pared to  the earlier ver­
sions of the ESC-model, we introduce in these papers two 
innovations. F irst, we introduce a zero in the form factor 
of the  scalar mesons. Secondly, we exploit the exchange 
of the  axial-vector mesons. In th is first paper of the se­
ries, we display the recent results fitting exclusively the 
N N -data, giving the NN-model presented in this paper 
ESC04(NN). In the  second paper, henceforth referred to  
as II [10], we repo rt on the results for N N  © YN, in a si­
m ultaneous fit of the  NN- and YN-data. This is a novelty 
w .r.t. our procedure described in previous publications 
on the Nijmegen work. The advantages will be discussed 
in II. In the th ird  paper, henceforth referred to  as III
[ I I], we will repo rt on the predictions for YN and YY 
w ith S  =  - 2 .
A general m odern theoretical framework for the  soft­
core in teractions is provided by the so called stan d ard ­
model (SM). S tarting  from the SM we consider the stage 
where the heavy quarks are in tegrated  out, leaving an 
effective QCD-world for the u,d,s quarks. The generally 
accepted scenario is now th a t the  QCD -vacuum  is unsta ­
ble for m om entum  transfers for which Q 2 <  A 2xSB  «  1 
GeV2 [12], causing spontaneous chiral-sym m etry break­
ing (xSB). A phase-transition  of the vacuum  generates 
constituent quark  masses via (0|i/>^|0) =  0, and thereby 
the gluon coupling a s is reduced substantially. In view 
of the small pion mass, the Nam bu-G oldstone bosons as­
sociated w ith the spontaneous x S B  are na tu ra lly  iden­
tified w ith the pseudoscalar mesons. Also, as a result of 
the phase-transition  the dom inating degrees of freedom 
are the baryons and mesons. In this context, low-energy 
baryon-baryon interactions are described natu ra lly  by 
meson-exchange using form factors a t the  m eson-baryon 
vertices. This way, the  phase transition  has transform ed 
the effective QCD-world into an effective hadronic-world. 
To reduce th is complex world w ith its num erous degrees 
of freedom, we consider a next step. This is, envision­
ing the integrating  out of the heavy mesons and baryons 
using a renorm alization procedure a la W ilson [13], we re­
stric t ourselves to  mesons w ith M  < 1 G eV /c2, arriving 
a t a so-called effective field theory as the  proper arena 
to  describe low energy baryon-baryon scattering. This 
is the  general physical basis for the Nijmegen soft-core 
models.
Because of the  com posite na tu re  of the  mesons in QCD, 
the proper description of m eson-exchange is quite n a tu ­
rally  in term s of Regge-trajectories. For example, in the 
B ethe-Salpeter approach to  the  Q Q -system  any reason­
able in teraction  leads to  Regge poles. Therefore, in the 
Nijmegen soft-core approach meson-exchange is trea ted  
as the  dom inant p a rt of the mesonic reggeon-exchange. 
This includes also the J  =  0 contributions from the 
tensor tra jectories ( f 2,f2 and A 2). In elastic scattering  
we notice th a t the m ost im portan t exchange a t higher 
energies is pomeron-exchange. Therefore in the soft­
core OBE-m odels [14] the  trad itional OBE-m odel was 
extended by including the pom eron, and the pom eron pa­
ram eters determ ined from the low-energy N N -data were 
in good agreem ent w ith those found a t high energy. This 
feature is also found to  persist in the  ESC-models. For a 
more elaborate discussion of the pom eron, and its im por­
tance for the  im plem entation of chiral-sym m etry in the 
soft-core models, we refer to  [8, 15].
The dynam ics in the ESC-m odel is constructed  em­
ploying the following mesons together w ith flavor SU(3)- 
sym m etry:
1. The pseudoscalar-m eson nonet n, n, n ', K  with
2the  n — n' m ixing angle OP =  —23.00 from the 
G ell-M ann-O kubo m ass formula.
2. The vector-meson nonet p, K *, u  w ith  the  ^  — w 
ideal m ixing angle OV =  37.560.
3. The axial-vector-m eson nonet a i , f i  K i, f i  w ith the 
f i  — f i  m ixing angle OA =  47.30 [4].
4. The scalar-m eson nonet a 0(962) =  S, f 0(993) =  
S *, k, f 0(760) =  e w ith a free S * — e m ixing angle 
OS to  be determ ined in a fit to  the YN-data.
5. The ‘diffractive’ contribution  from the pom eron P, 
and the tensor-m esons f 2, f2, and A 2. These in­
teractions will give m ainly repulsive contributions 
of a gaussian type to  the  potentials in all chan­
nels. In the  present ESC-m odel we have taken 
9a 2 =  9B B f2 =  9B B f2 =  0 , i.e. only the pom eron 
contributes.
The BBM -vertices are described by: (i) coupling con­
stan ts  and F /( F  +  D )-ra tio ’s obeying broken flavor 
SU(3)-symmetry, see paper II for details, and (ii) gaus­
sian form factors. This type of form factor is like the often 
used residue functions in Regge phenomenology. Also, 
from the point of view of the (nonrelativistic) quark m od­
els a gaussian behavior of the  form factors is m ost n a t­
ural. Here, we rem ark th a t in the ESC-models the two- 
m eson-cut contributions to  the  form factors are taken 
into account using m eson-pair exchanges (M PE) (see be­
low). Evidently, w ith cut-off masses A «  1 GeV, these 
form factors assure a soft behavior of the potentials in 
configuration space a t small distances. The form factors 
depend on the SU(3) assignm ent of the mesons, as de­
scribed in detail in [9].
The potentials of the ESC-m odel are generated by
(i) One-boson-exchange (OBE). The trea tm en t of the 
O BE in the soft-core approach has been given for 
N N  in [14], and for YN in [8]. W ith  respect to  these 
O B E-interactions the present ESC-m odel contains, 
as m entioned above, two innovations. F irst, in 
the scalar meson form -factor we have in troduced a 
zero. This zero is n a tu ra l in the  3P 0-pair-creation 
(Q PC) [16, 17, 18] model for the coupling of the 
mesonic quark-an tiquark  (QQ) system  to  baryons. 
The scalar meson, being itself in th is picture a 3P 0 
Q Q -bound sta te , gets a zero when it couples to  a 
baryon. A pragm atic reason to  exploit such a zero 
is th a t in th is way we were able to  avoid a bound 
sta te  in A N  -scattering. Secondly, for the first tim e 
we incorporated  axial-m eson exchange in the po­
tentials. As is well known, they  are considered as 
the chiral partners of the vector mesons. I t tu rned  
out th a t the  streng th  of the  axial-m eson exchanges 
is found to  agree w ith the theoretical determ ination
gai «  (m ai/m n ) f NNn [19].
(ii) Two-meson-exchange (TM E). The configuration 
space soft-core uncorrelated  two-meson exchange
for N N  has been derived in [2, 20]. We use these 
potentials in this paper for PS-PS exchange. Here, 
we give a com plete SU (3)-sym m etry trea tm en t in 
NN, as well as in YN and YY. For example, we 
include double K -exchange in NN -scattering. Sim­
ilarly  in papers II and III their generalization to  
YN respectively YY. The PS-PS potentials contain 
the  im portan t long-range two-pion potentials. The 
o ther kind of two-meson exchange, as pseudoscalar- 
vector (PS-V), and pseudoscalar-scalar (PS-S) etc. 
are supposed to  be less im portan t, because of can­
cellations, and can be covered by OBE in an effec­
tive m anner. O f course, th is gives some contam i­
nation  in the  m eson-baryon coupling constants.
(iii) M eson-pair-exchange (M PE). These have been de­
scribed for N N  and  justified in [3]. Again, in II 
and  III the  generalization is used in YN and YY. 
Also, the trea tm en t given is complete as far as 
SU(3) is concerned. In [3, 4] it is argued th a t the 
M PE -potentials are thought to  represent effects of 
heavy meson-exchange as well as m eson-baryon res­
onances. Here we in particu larly  th ink  about the 
n N  resonances, like A 33.
A rem arkable achievement w ith the ESC-model, in the 
version as described above, is th a t for the first tim e we 
could constrain  the NNM -couplings such th a t they  are 
close to  the  predicted values of the QPC-m odel. W ith  the 
same param eters for the  quark-m odel, we find relations 
like ge «  gu «  3gp «  3gao. Moreover, w ith the same
3P 0-param eters the predicted gai agrees well w ith th a t 
of [19].
A particu lar new feature of these new ESC-models is 
th a t we can allow for SU (3)-sym m etry breaking of the 
coupling constants. In th is breaking it is assum ed th a t 
the am plitude for the creation of strange quarks from 
the vacuum  is different th an  for non-strange quarks. We 
consider this possibility explicitly in paper II, bu t in this 
paper we will assume, ap a rt from meson-mixing, not such 
an SU(3)-breaking.
The contents of this paper is as follows. In section II we 
review the definition of the ESC -potentials in the context 
of the relativistic tw o-body equations, the Thom pson­
, and Lippm ann-Schwinger-equation. Here, we exploit 
the Macke-Klein [21] framework in Field-Theory. For 
the Lippm ann-Schwinger equation we introduce the usual 
poten tia l forms in Pauli spinor space. We include here 
the central (C ), the  spin-spin (a), the  tensor (T ), the 
spin-orbit (SO ), the quadratic  spin-orbit (Q 12), and the 
antisym m etric spin-orbit (A SO )  potentials. For TM E- 
exchange, in the  approxim ations m ade in [2, 3] only the 
central, spin-spin, tensor, and spin-orbit potentials occur. 
In section III the E SC -potentials in m om entum  space 
are given, em phasizing the differences w ith earlier pub­
lications on the soft-core interactions. We discuss the 
O BE-potentials, the  PS-PS-interactions, and the M PE- 
interactions. In section IV we discuss the  coupling con­
stan ts  from the point of view of the 3P 0-model. In section
3V the NN results are displayed for coupling constants, 
scattering phases, low-energy param eters, and deuteron 
properties. F inally in section VI we give a general dis­
cussion and  outlook.
Appendix A contains the derivation of the axial-meson 
exchange potentials.
II. T W O -B O D Y  IN T E G R A L  E Q U A T IO N S IN  
M O M E N T U M  SPA C E
A. R e la tiv is tic  T w o-B ody E q u a tio n s
We consider the nucleon-nucleon reactions
N  (pa, Sa) +  N  (pb, Sb) ^  N  (pa>, Sa' ) +  N  (pb>, Sb' ) (2.1)
w ith the to ta l and relative four-m om enta for the initial 
and the final sta tes
P  =  Pa +  Pb P  ' =  Pa' +  Pb'a b a' b' (2.2) 
P =  ^(Pa “ Pb) , P ' =  ¿(Pa' “ Pb') ,
which become in the center-of-mass system  (cm-system) 
for a and b on-mass-shell
P  =  (W, 0) , p  =  (0, p ) , p ' =  (0, p ')  . (2.3)
In general, the  particles are off-mass-shell in the Green- 
functions. In the  following of this section, the  on-mass- 
shell m om enta for the initial and final sta tes are denoted 
respectively by p and  p'. So, p°a = E a(p) =  ^ /p2 +  M 2
and p°a, = E a>(p') = \J p /2 +  M 2, , and sim ilarly for b 
and b ’. Because of translation-invariance P  =  P ' and 
W  =  W ' =  E a (p) +  Eb (p) =  E a '( p ') +  E b '( p '). The 
tw o-particle sta tes we norm alize in the  following way
( p i , p 2 |p i,p 2 )  =  (2n)32 E (p i)S 3(p i — p i ) •
x (2n)32 E (p 2)S3(p2 — p 2) . (2.4)
The relativistic tw o-body scattering-equation for the 
scattering am plitude reads [22, 23, 24]
M (p ',p ; P ) =  I (p ',p ;  P ) +  ƒ d4p '' I (p ',p ' ';  P ) •
xG (p ''; P ) M (p '',p ; P ) , (2.5)
where M (p ',p ; P ) is a 16 x 16-m atrix in Dirac-space, and 
the contributions to  the kernel I (p ,p ')  come from the 
two-nucleon-irreducible Feynm an diagram s. In w riting 
(2.5) we have taken out an overall S4( P ' — P )-function  
and the to ta l four-m om entum  conservation is im plicitly 
understood  henceforth.
The tw o-baryon Green function G(p; P ) in (2.5) is sim­
ply the product of the  free propagators for, in general, 
the baryons of line (a) and (b). The baryon Feynm an 
propagators are given by the well known formula
G (s) (p) d4x ( 0 | T ( ^ ( x ^ W M  eip':
n s (p)
(s)where is the  free Rarita-Schw inger field which de­
scribes the  nucleon (s =  ^), the  A 33-resonance (s =  | ) ,  
etc. (see for exam ple [25]). For the nucleon, the  only 
case considered in th is paper, =  0 and for e.g. the 
A -resonance {^} =  ^ . For the rest of this paper we deal 
only w ith nucleons.
In term s of these one-particle Green-functions the two- 
particle G reen-function in (2.5) is
p 2 — M 2 +  iS
(2.6)
G(p; P  ) =
(2n)4
n ( s“>(±p +  p) '
( ± P + p ) 2 - M 2 +  *<5 
(b)
(a)
n ( s t) ( i p - p )  '
( i p - p ) 2 - M 2 +*(5
(2.7)
Using now a com plete set of on-mass-shell spin s-states 
in the first line of (2.6) one finds th a t the Feynm an prop­
agator of a spin-s baryon off-mass-shell can be w ritten  as 
[26]
n (s) (p) M
p2 — M 2 +  iS E (p )
A +)(p)
p0 — E  (p) +  iS 
A-s)(—p)
for s =
p0 +  E (p )  — iS
Here, A ^ p )  and A ^ ( p )  are the 
on-mass-shell projection operators on the positive- and 
negative-energy sta tes. For the nucleon they  are
+ 1/2
A+ (p) =  u ( p ,a )  ® u (p , a ) ,
ct=-1/2
+1/2
A -(p )  =  -  ^  v(p , a ) ® v(p , a ) , (2.9)
ct=-1/2
where u (p , a ) and v(p , a ) are the D irac spinors for spin- 
1 /2  particles, and E (p ) =  ^ P 2 +  M 2 w ith  M  the  nu­
cleon mass. Then, in the  cm-system, where P  =  0 and 
P 0 =  W , the Green-function can be w ritten  as
(2.8)
X
4G(p; W ) =
M a a M (p) A-Sa)( - p )
2 W  -\-po — E a(jp) +  iö 2 W  -\-po +  F a (p) — iö
(  M b \  
X \ E b( v ) J
A +b) ( - p ) A-Sb ) (p)
^VF -  po -  E b(jp) + iö \ W  - p o  + E b(p) -  iö
M ultiplying out (2.10) we w rite the  ensuing term s in shorthand  notation
G(p; W ) =  G++(p; W ) +  G + -(p ; W ) +  G -+  (p; W ) +  G —  (p; W ) , 
where G++ etc. corresponds to  the term  w ith A+a A+6 etc. In troducing the spinorial am plitudes
(2.10)
(2.11)
M r's';rs(p' ,p; P ) =  U  (p'a, s'a)uS (pb, sb)M  (p ',p ; P ) Ur (pa, Sa) US (pb, Sb) , (r, S =  + , - )  , (2.12)
w ith (r, s) =  +  for the positive energy Dirac spinors, and (r, s) =  — for the negative energy ones. Then, the  two-body 
equation, (2.5) for the spinorial am plitudes becomes
M r s(p/,p; P )  =  Ir 's  ' ;rs(p/,p; P )  +  ^  ƒ ' d4p" I r 's ' ;r ''s ''(p /, p // ; P  )
r ' ',s' '
x G r' 's ',(p"; P ) M r ,'s'';rs(p " ,p ; P ) . (2.13)
Invoking ‘dynam ical pair-suppression’, as discussed in [20], (2.13) reduces to  a 4 x 4-dimensional equation for 
M + + ^  *-e-
M ++;++ (p /, p ; P ) =  I++;++ (p/,p ;P ) +  ƒ d4p" I++ ;++(p /,p //; P ) 
x G ++ (p"; P ) M ++;++ (p",p; P ) , (2.14)
w ith the Green-function
G++(p; W  ) =
(2n)4
MgMf,
E a(p )E b(p)
- W  + P 0 -  E a(p) +  iö
-1
-VF -  po -  -Bb(p) +  i5
- i
(2.1B)
B. T hree-D im en sio n al E q u a tio n
In [20] we in troduced sta rtin g  from the B ethe-Salpeter equation for the two-baryon wave function ^ (p M) and applying 
the Macke-Klein procedure [21]. In this paper we employ the same procedure, bu t now for the  tw o-baryon scattering  
am plitude M (p ,p ;  P ). For any function f  ( p i , . . .  ,p n ) we define the  projection [27]
P r ,pì f  ( p i , . . . ,  Pn ) =  f  (pi, . . . ,Pn)PL,i =  <f> dpi,o A w  (Pi) f  ( . . .  ,P i , . . . )  ,
JUHP
(2.16)
where the contour consists of the real axis and the infinite semicircle in the upper half plane (UHP), and w ith M acke’s 
right-inverse of the ƒ  dp0 operation
A w  (p) =  (2n i)_
1
+
1
Po +  Ep -  W  -  -p o  +  Ep -  W  -  
W  -  W (p)
2ni F ^ p ^ F ^ - p ,  -p o )
(2.1T)
Here, we used the frequently used notations
Fw (p,po) = po -  E (p ) + - W + iö , W (p) =  E a(p) + E b(p) (2.1S)
1
1
5Notice th a t  the G reen function (2.15 can be w ritten  as
G++ (p ; W  )
1
(2n)3
M aM b 
_Ea(p )E b(p)_
A W (p) (W  -  W  (p) +  iô y (2.19)
Now, we make the ra th e r solid assum ption th a t for the scattering  am plitudes, the U HP contains no poles or 
branch points in the p 0-variable. Then, one sees from (2.16) th a t as a result of the  P R,Pi-operation the argum ent 
p i0 ^  W  — E(p®), and sim ilarly for PL,Pi. Introducing the projections
P Rp M ++;++(p ',p ; P )  PL,p =  M ( p ', p |W ) , 
P Rp /++;++  (p ',p ; P )  Pl ,p =  K ir r ( p ', p |W ) , 
we apply this to  equation (2.14). This gives
(2.20a)
(2.20b)
M (p  ', p |W ) =  K i r r (p  ', p | W ) +
• d3p"  
(2 7 t)3
M aM b
Ea (p ' ')E b (p  '')_
(W  -  W (p '')  +  ¿5)
-1
{ ƒ  dpo I ++;++ (p ',p " ;  P ) |p0= W -E (p ') A W(p '0  M ++;++(p",p ; P ) |p0=w -E (p )}  , (2.21)
Next, we redefine M (p  '', p |W ) by
AÆ/ I m n  I M aM b , I M aM b
M(P’P|H ) ^  V E.(p-)Et(pOM(P’P|W ) V E.(p)E1.(p) (2.22)
and sim ilarly for K i r r (p '', p |W ). The thus redefined quantities obey again equation (2.21), except for the factor [...] 
on the right-hand side. Closing now the contour of the  p 0 -integration in the upper-half plane, one picks up again only 
the contribution a t p 0 =  W  — E (p  ), which m eans th a t (2.21) becomes the Thom pson equation [28]
M ( p ',p \W )  = K irr( p ' ,p \W ) +  I ^ ^ K irr(p ',p " \W )  E ^ \ p " - W )  M ( p " ,p \W )  ,
(2n)3
(2.23)
where e 2+) (p"; W ) =  (W  — W (p ") +  ¿¿) 1. W ritten  explicitly, we have from (2.20b) th a t the  two-nucleon irreducible 
kernel is given by
K irr ( p ', p |W  )
1 MaMb MaMb
(2n)2 y E a (p ' )E b(p ')]] E a (p )E b (p)
\ f W ] (p ' , pO) f W^)(—p ' , - p0
(W  -  W (p  ' ) ) (W  -  W (p))
d p W  dpo
x [ /^  p ' ;Po, p )]++i+^ F Wa)(P ,Po)F Wb ) ( - P , -
-1
(2.24)
which is the same expression as we exploited in our previous papers, e.g. [2, 5, 20]. In the la tte r we exploited the th ree­
dim ensional wave function according to  Salpeter [29] combined w ith the Macke-Klein ansatz [21]. For the scattering  
am plitude the derivation given above is more direct. For a discussion and com parison w ith o ther three-dim ensional 
reductions of the  B ethe-Salpeter equation we refer to  [27]. In case one does not assume the strong pair-suppression, 
one m ust study  instead of equation (2.14) a more general equation w ith couplings between the positive and negative 
energy spinorial am plitudes. Also to  th is more general case one can apply the described three-dim ensional reduction, 
and we refer the reader to  [27] for a trea tm en t of this case.
The M /E -fac to rs  in (2.24) are due to  the  difference between the relativistic and the non-relativistic norm alization 
of the tw o-particle states. In the following we sim ply pu t M /E (p )  =  1 in the kernel K lrr Eq. (2.24). The corrections 
to  th is approxim ation would give (1 /M )2-corrections to  the  potentials, which we neglect in th is paper. In the same 
approxim ation there is no difference between the Thom pson [28] and the Lippm ann-Schwinger equation, when the 
connection between these equations is m ade using m ultiplication factors. Henceforth, we will not distinguish between 
the two.
The contributions to  the  tw o-particle irreducible kernel K irr up  to  second order in the  meson-exchange are given 
in detail in [2, 3].
1
x
1
x
C. L ippm ann-S chw inger E q u a tio n  where the transform ation  function is
/ p 2 _  P 2
The transform ation  of (2.23) to  the Lippm ann- N (p )  = \ —7~Eu— n-----p t  ^  • (2.26)
Schwinger equation can be effectuated by defining V N( (Pi) (P))
T ( p '; p) =  N (p  ') M ( p ', p |W ) N (p) , (2.25a)
irr
6-P -P
k /
(a) (b)
FIG. 1: One-boson-exchange graphs: The dashed lines with 
momentum k refers to the bosons: pseudoscalar, vector, axial- 
vector, or scalar mesons.
A pplication of this transform ation, yields the Lippm ann- 
Schwinger equation
T  (p ', P) =  V (p ', p ) +  ƒ
r i V
(27r)3
x V (p ', p '')  g (p"; W ) T (p " , p) (2.27) 
w ith the stan d ard  Green function
M n
g(p; w  )
p 2 -  p 2 +  iS
(2.28)
The corrections to  the approxim ation ~  g(p; W )
are of order 1 /M 2, which we neglect hencforth.
The transition  from D irac-spinors to  Pauli-spinors, is 
given in Appendix C of [20], where we w rite for the 
the Lippm ann-Schwinger equation in the 4-dimensional 
Pauli-spinor space
T  (p ', p ) =  V (p ', p ) +  ƒ
d3p''
(2n)3
x V (p ',p '')  g ( p '';W ) T ( p ' ' , p ) .(2.29) 
The T -opera to r in Pauli spinor-space is defined by
x (a)tx (b)tA. a' A, T (p ' , p ) xiO!x ib  =  M p ' X M - p ' X )
xT^(p', p ) u a (p ,^ a )u b ( -p ,^ b ) . (2.30)
and sim ilarly for the V -operator. Like in the  deriva­
tion  of the  O B E-potentials [14, 30] we make off-shell and 
on-shell the  approxim ation, E (p )  =  M  +  p 2/2 M  and 
W  =  2 y /p 2 + M 2 =  2M  +  p 2/M  , everywhere in the 
in teraction  kernels, which, of course, is fully justified for 
low energies only. In contrast to  these kind of approx­
im ations, of course the full k 2-dependence of the form 
factors is kept th roughout the derivation of the TM E.
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FIG. 2: BW two-meson-exchange graphs: (a) planar and (b)- 
(d) crossed box. The dashed line with momentum k refers 
to the pion and the dashed line with momentum k ' refers to 
one of the other (vector, scalar, or pseudoscalar) mesons. To 
these we have to add the “mirror” graphs, and the graphs 
where we interchange the two meson lines.
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FIG. 3: Planar-box TMO two-meson-exchange graphs. Same 
notation as in Fig. 2. To these we have to add the “mirror” 
graphs, and the graphs where we interchange the two meson 
lines.
P P
P
7Notice th a t  the G aussian form factors suppress the high 
m om entum  transfers strongly. This m eans th a t the  con­
tribu tion  to  the potentials from interm ediate sta tes which 
are far off-energy-shell can no t be very large.
Because of ro ta tional invariance and parity  conserva­
tion, the  T -m atrix , which is a 4 x 4-m atrix  in Pauli-spinor 
space, can be expanded into the following set of in gen­
eral 8 spinor invariants, see for example [31]. Introducing 
[32]
q = j ( p '  +  p ) , k  =  p ' - p ,  n  =  p x p ' ,  (2.31)
with, of course, n  =  q  x k, we choose for the operators 
Pj in spin-space
Pi =  1 ,
P 2 =  <j 1 • <j 2 ,
(2.32a)
(2.32b)
P -3 =  (<7i • k)(<72 • k) -  -(<71 • <72) k 2 , (2.32c)
P 4 -(<7i + <72) n ,
-(<71 -<72) n ,
(2.32d)
(2.32e)
(2.32f)
P 5 =  (^1  • n )(^ 2  • n)
P6
P 7 =  (^1  • q)(CT2 • k) +  (cti • k )(^ 2  • q) , (2.32g)
Ps =  (^1  • q )(^ 2  • k) -  (cti • k )(^ 2  • q) . (2.32h)
Here we follow [8], where in contrast to  [14], we have 
chosen P 3 to  be a purely ‘tensor-force’ operator. The 
expansion in spinor-invariants reads
s
T (p ',  P) =  ^ 3  T j (P /2, P 2, P ' • P) P j (p ', P) • (2.33)
j=1
Similarly to  (2.33) we expand the potentials V . Again 
following [8], we neglect the poten tia l forms P 7 and P s , 
and also the dependence of the potentials on k  • q  . Then, 
the  expansion (2.33) reads for the potentials as follows
4
V =  £  Vj(k 2, q 2) P j(k , q) • (2.34)
j=1
III . E X T E N D E D -S O F T -C O R E  P O T E N T IA L S  IN  
M O M E N T U M  SPA C E
The po ten tia l of the ESC-m odel contains the contribu­
tions from (i) one-boson-exchanges, Fig. 1, (ii) uncorre­
la ted  two-pseudoscalar-exchange, Fig. 2 and Fig. 3, and
(iii) meson-pair-exchange, Fig 4 . In th is section we re­
view the potentials and indicate the  changes w ith respect 
to  earlier papers on the OBE- and ESC-models.
i i 
<
PP1
--a 
^
A
-P
L
1
k’
% V L-P’ ’ A'
» ( i% L-P ’
/  A' / */  /
0 * '  k
k '
V
'1 1
L
-P P -P
(a) (b)
i i
-P P
i
L
-P
L
1
%V \ /  •
' '
V %
>  ;
/
1
/ /\ -P » *
\
i i
» (
k i
k
L
-P P -P
(c) (d)
FIG. 4: One- and Two-Pair exchange graphs. To these we 
have to add the “mirror” graphs, and the graphs where we 
interchange the two meson lines.
A. O ne-B oson-E xchange In te ra c tio n s  in 
M o m en tu m  Space
The O B E -potentials are the same as given in [8, 14], 
w ith the exception of (i) the zero in the scalar form 
factor, and (ii) the axial-vector-m eson potentials. Here, 
we review the O B E-potentials briefly, and give those 
potentials th a t are not incuded in the above references. 
The local in teraction  H am ilton densities for the  different 
couplings are
a) Pseudoscalar-m eson exchange
H p v  =  , (3.1)
mn+
b) Vector-meson exchange
H v  = i g v t h ^ f i v  + ~  d u4>v) , (3-2)
P
P
Sc) Axial-vector-meson exchange
U a  =  0 a V ’7m 75V’</>a +  [V’75'0] d ^ A  > (3 -3 )
We take / a =  0, and notice th a t for the A i -meson the 
in teraction (3.3) is p a rt of interaction
C (A) 2gA ^ 7 5 7 ^ 7 7 ^  +  (7T<9M<T -  ct9 m7t )
+  fn  d „ n • A a (3.4)
which is such th a t the A i couples to  an alm ost conserved 
axial current (PCAC). Therefore, the A 1 -coupling used 
is com patible w ith broken SU(2)V x SU(2)A-sym m etry 
[33].
d) Scalar-meson exchange
H s  =  gs  ÿ ÿ ^ s (3.5)
Here, we used the conventions of [26] where <rMV =  
[ym, yv] / 2i. The scaling masses m n+ and M  are cho­
sen to  be the charged pion and the p ro ton  mass, respec­
tively. Note th a t the  vertices for ‘diffractive’-exchange 
have the same Lorentz stru c tu re  as those for scalar- 
meson-exchange.
Including form factors f  ( x '—x) , the  in teraction  ham il­
ton ian  densities are modified to
H x  (x) =  ƒ  d3x ' f  (x ' -  x )H x  (x ') , (3.6)
for X  =  PV, V , A, S , or D. Because of the convolutive 
non-local form, the potentials in m om entum  space are the 
same as for point interactions, except th a t the coupling 
constants are m ultiplied by the Fourier transform  of the 
form factors.
In the derivation of the Vi we employ the  same approx­
im ations as in [8, 14], i.e.
1
1. We expand in 1 /M : E (p) =  [k2/4  +  q 2 +  M 2] 2
«  M  +  k 2/8 M  +  q 2/2 M  and  keep only term s up 
to  first order in k 2/M  and q 2/ M . This except 
for the form factors where the full k 2-dependence 
is kept th roughou t the  calculations. Notice th a t 
the gaussian form factors suppress the  high k 2 - 
contributions strongly.
2. In the meson propagators ( — (pi — p 3)2 +  m 2) «  
(k 2 +  m 2) .
3. W hen two different baryons are involved a t a BBM- 
vertex their average mass is used in the po ten­
tials and  the non-zero com ponent of the  mom en­
tu m  transfer is accounted for by using an effective 
m ass in the meson p ropagator (for details see [8]).
Due to  the approxim ations we get only a linear depen­
dence on q 2 for Vi . In the following, we w rite
Vi(k2, q 2) =  Via(k2) +  Vib(k2)q 2 (3.7)
where in principle i =  1, 8.
The O B E -potentials are now obtained in the standard  
way (see e.g. [8, 14]) by evaluating the B B -interaction 
in B orn-approxim ation. We w rite the potentials Vi of 
Eqs. (2.34) and (3.7) in the form
V i(k 2, q 2) =  ^  0 (X )( k 2) • A (X)(k2,m 2, A2) , (3.8)
X
where X  =  P, V, A, S, and D  (P  =  pseudoscalar, V  =  
vector, A =  axial-vector, S  =  scalar, and D  =  diffrac­
tive) . Furtherm ore for X  =  P, V
A (X)(k2,m 2, A2) =  e-k2/A2/  (k 2 +  m 2) , (3.9) 
and for X  =  S, A a zero in the form factor
A (S)(k2,m 2, A2) =  (1 -  k 2/ U 2) e-k2/A2/  (k 2 +  m 2) ,
(3.10)
and for X  =  D
A (D)(k2 2 2A2) =  ——
J M 2
, - k 2/(4m2p ) (3.11)
In the la tte r expression M  is a universal scaling mass, 
which is again taken  to  be the proton mass. The mass pa­
ram eter m P controls the k 2-dependence of the pomeron-, 
ƒ-, f '-, A 2-, and  K**-potentials.
Next, we make rem arks which point out the differences 
in the potentials of th is work as com pared to  w ith earlier 
soft-core model papers:
a) For pseudoscalar mesons, the g rap h ’s of Fig. 1 give for 
the second-order poten tia l VPS (k, q) ~  ^  p |w )
Vp s  (k, q) f i3f 24 1
(q2 +  k 2/4 ) 
2 M y  M n
(cri • k )(cr2 • k)
w(k) [w(k) +  a]
exp - k 2/A 2 , (3.12)
where a «  (q 2 +  k 2/4 )  — p 2. Here, p i is the  on-energy- 
shell m om entum . On-energy-shell a =  O, and henceforth 
we neglect the  non-adiabatic effects, i.e. a =  O, in the 
O BE-potentials. However, we do include the non-local 
te rm  in (3.12, to  which we refer in the  following as the 
G raz-correction [34]. From  (3.12) we find for Q(P):
k 2
V 12M y M n
Q (P)2b
_ p p —
913924 \2 4 :M 2M 2
k 2
Q3a ) =  + g^ g24
P  P  g13g24
1
S M 2 MN
(3.13a)
(3.13b)
(3.13c)
(3.13d)
I
m
1
9The contributions were not included in [8, 14]. From  the 2nd-term  propagator we get, see (A13),‘26,36
b) For vector-, and diffractive OBE-exchange we refer the 
reader to  Ref. [8], where the contributions to  the  different
(X !Q( !’s for baryon-baryon scattering  are given in detail. 
Also, it is triv ial to  obtain  from [8] the  scalar-m eson Qj 
making the substitutions:
Q(S! (1 — k 2/U 2) Q(S!
which now evidently have a zero for k 2 =  U 2. 
c) For the axial-vector mesons, the detailed derivation of 
the  Q(A) is given in A ppendix A . Using the approxim a­
tions (1-5), from the 1st-term  in the axial-meson propa­
gator we get, see (A11), the  following contributions
q (A! =  - 013024 ( 1 +
k 2
24 M y M n
Q
Q
(2 ! 
26
(2 !
Q(2 !
2 2
013024
+013024
013024
1
3
4M y M n
1
2M y M n
Q(2 ! = A A ( ^ jv  M y )
913924 4 M 2M ^
(3.14a)
(3.14b)
(3.14c)
(3.14d)
(3.14e) 
_______ I
(2 ! 
2a
(2 ! 
26
(2 ! 
3a
0123024 1 —
k 2 k 2
+013024
1
8M y M n ^  3m 2 ’ 
k 2
2M y M n  3m 2
—013024 ( 1 —
k 2
Q(2 ! =  36 = + 0 î43024
1
1
8M y M n /  m : 
1
2M y M n  m 2
(3.15a)
(3.15b)
(3.15c)
(3.15d)
For the inclusion of the  zero in the axial-vector meson 
form factor we also make here the  changes
Q(1! (1 — k 2/U 2) Q(1!
w ith the same U-mass as used for the  scalar mesons. 
The m otivation for the inclusion of a zero in the  form 
factor here is again m otivated by the quark-m odel, be­
cause for the  axial-vector mesons one has the configura­
tion  Q Q (3P 1).
As in Ref. [8] in the derivation of the expressions for 0 (A), given above, M Y and M N denote the m ean hyperon and 
nucleon mass, respectively M Y =  (M 1 +  M 3)/2  and M N =  (M 2 +  M 4)/2 , and m  denotes the  m ass of the exchanged 
meson. Moreover, the  approxim ation 1/M_N +  1 /M y  «  2 /M NM Y, is used, which is ra th e r good since the mass 
differences between the baryons are not large.
—»
—»
3
4
B. O ne-B oson-E xchange In te ra c tio n s  in C onfigu ra tion  Space
a) For X  =  P  the  local configuration space potentials are given in Ref. [8]. Here, we give the non-local Graz-
( p  !
corrections. From  the Fourier transform  of the Q2636 contributions and (3.13d) we have
AT/ ! \ ƒ13/24 m 3 f  1 ,A V p s(r)  =  — ----------- ^  ■ l -[cri a
4n mn 3' { ^ ( CTi ’ cr2) ( v 2<Æ +  4 v 2)
+  (V 2^  S 12 +  4 S 12V 2) /(4 M y M n ) (3.16)
where are defined in [8, 14], and are functions of (m ,r , A).
b) Again, for X  =  V, D  we refer to  the  configuration space potentials in Ref. [8]. For X  =  S  we give here the 
additional term s w .r.t. those in [8], which are due to  the  zero in the scalar form factor. They are
m m 2
AV5 ()-) =  j j j 0 l3024 — 4M y M n
+
2M y M n ¿ S o L • S
+
16MY MN
m 2 MN — MY-i n  J.(1)
4M y M n  M y M n ¿ s o  • ô (CTi - cr2) -L
(3.17)
2 2m m
4m
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c) For the axial-vector mesons, the  configuration space poten tia l corresponding to  (3.14e) is
V ^ \ r )  =  - ^ r a  
1  w  4n ¿C (CT1 • ct2) —
1
12M y M n ( v V C  +  ¿C v 2) (^1  • ^ 2)
+
3m 2
4 M y M n ¿T  S 12 + 2M y M n ¿ so  (m ,r )  L • S
+
Mpj — M y  , (0) 1
4 M y M n  M y M n
¿ s o  • - cr2) -L (3.18)
The configuration space poten tia l corresponding to  (3.15d) is
0A
4n
+ S 12 ¿T +
(^<Tl ' ^  +  1 2 M A ((<Tl ' CT2) (V 2^  +  ^V2)
1
4M y M n
( v 2¿T S 12 +  ¿T S 12V 2 (3.19)
The ex tra  contribution to  the  potentials coming from the zero in the axial-vector meson form factor are obtained 
from the expression (3.18) by m aking substitu tions as follows
A V j1!(r) =  V j1! (¿C ¿ s o )  • j j 2 ■ (3.20)
Note th a t we do not include the sim ilar A V |2)(r) since they  involve k 4-term s in m om entum -space.
2m
m
2
— -
C. P S -P S -exchange  In te ra c tio n s  in C onfigu ra tion  
Space
In Fig. 2 and Fig. 3 the included two-meson ex­
change graphs are shown schematically. The Bruckner- 
W atson (BW ) graphs [35] contain in all three interm e­
d iate  sta tes bo th  mesons and nucleons. The Taketani- 
M achida-O hnum a (TM O) graphs [36] have one interm e­
d iate  sta te  w ith only nucleons. Explicit expression for 
K i r r (B W ) and K ir r (T M O ) were derived [20], where 
also the  term inology BW  and TM O is explained. The 
T PS-potentials for nucleon-nucleon have been given in 
detail in [2]. The generalization to  baryon-baryon is sim­
ilar to  th a t for the O B E-potentials. So, we substitu te  
M  —>■ a /M y M n , and include all PS-PS possibilities w ith 
coupling constants as in the  O BE-potentials. As com­
pared to  nucleon-nucleon in [2] here we have included 
in addition the potentials w ith double K-exchange. The 
masses are the physical pseudoscalar meson masses. For 
the in term ediate tw o-baryon sta tes we take into account 
of the  different thresholds. We have not included uncor­
related  PS-vector, PS-scalar, or PS-diffractive exchange. 
This because the range of these potentials is sim ilar to  
those of the vector-, scalar-, and axial-vector-potentials. 
Moreover, for potentially  large potentials, in particu larly  
those w ith scalar mesons involved, there will be very 
strong cancellations between the  planar- and crossed-box 
contributions.
D. M PE-exchange In te ra c tio n s
In Fig. 4 bo th  the one-pair graphs and the tw o-pair 
graphs are shown. In this work we include only the one- 
pair graphs. The argum ent for neglecting the tw o-pair 
graph  is to  avoid some ’double-counting’. Viewing the 
pair-vertex as containing heavy-meson exchange means 
th a t the contributions from p(750) and e =  fo(760) to  the 
tw o-pair graphs is already accounted for by our trea tm en t 
of the  broad  p and e O B E-potential. For a more complete 
discussion of the  physics behind M PE  we refer to  our 
previous papers [1, 3]. The M PE-potentials for nucleon- 
nucleon have been given in [3]. The generalization to  
baryon-baryon is sim ilar to  th a t for the T PS-potentials. 
For the in term ediate tw o-baryon sta tes we neglect the 
different two-baryon thresholds. This because, although 
in principle possible, it com plicates the  com putation  of 
the potentials considerably. The generalization of the 
pair-couplings to  baryon-baryon is described in paper II 
[10], section III. Also here in N N , we have in addition to  
[3] included the pair-potentials w ith K<g>K-, K<g>K*-, and 
K  <g> K-exchange. The convention for the  M PE  coupling 
constants is the  same as in [3].
E. T h e  S chrod inger e q u a tio n  w ith  N on-local 
p o ten tia l
The non-local potentials are of the central-, spin­
spin, and tensor-type. The m ethod of solution of the
11
Schrodinger equation for nucleon-nucleon is described in 
[14] and [34]. Here, the non-local tensor is in m om entum  
space of the form q 2 (k). For a more general trea tm en t 
of the  non-local potentials see [37].
In Table I yM (^) is shown, using from [41] the  param e­
terization
a s (^) =  4 n / (£ o M mV A q c d )) , (4-4)
IV . E S C -C O U P L IN G S  A N D  T H E  Q PC-M O D EL
According to  the Q uark-Pair-C reation  (Q PC) model, 
in the  3P 0-version [16], the baryon-baryon-m eson cou­
plings are given in term s of the quark-pair creation con­
s tan t y m , and the radii of the  (constituent) gaussian 
quark  wave functions, by [17, 18]
S b b m ( t)  =  2 (9 n ) 1/4 ym X m  (I'm , L m , S m , J m ) F M  ,
where X M ( . . . )  is a isospin, spin etc. recoupling coeffi­
cient, and
f (-) =
F  (+) =
(mM R m  )3/2 
(mM R m  )1/2
3 R 2b M3/2 f 4 ñ |  +  ñ ¡  
3i?^ +  R 2M J  V3R b +  r m
3/2
3R B
3R B +  R M
4R M2
(3RB +  RM )
are coming from the overlap integrals. Here, the super­
scripts t  refer to  the p arity  of the  mesons M  : (—) for 
=  0+ , 1 , and (+ ) for =  0++, 1++. The 
radii of the baryons, in th is case nucleons, and the mesons 
are respectively denoted by and R M .
The Q P C (3P 0)-model gives several interesting rela­
tions, such as
gao
3gao (4.1)
We see here an interesting link between the  vector-meson 
and the scalar-m eson couplings, which is not to ta lly  
surprising, because the scalar polarization-vector e0 of 
the vector mesons in the  quark-m odel is realized by a 
Q Q (3P 0)-state. This is the same s ta te  as for the  scalar 
mesons in the  Q Q -picture.
From  p ^  e+ e- , employing the current-field-identities 
(C .F .I’s) one can derive, see for exam ple [38], the follow­
ing relation w ith the Q PC-m odel
(4.2)
which, neglecting the difference between the  wave func­
tions on the left and right hand  side, gives for the pair 
creation constant 7 m  —► 7o =  =  1.535. How­
ever, since in the  Q PC-m odel gaussian wave functions 
are used, the  Q Q -potential is a harm onic-oscillator one. 
This does no t account for the 1 /r-behavior, due to  one- 
gluon-exchange (OGE), a t short distance. This implies a 
O G -correction [39] to  the wave function, which gives for 
Ym  [40]
Ym  =  Yo 1 (4.3)
w ith Aq c d  =  100 MeV and (3q =  11 — | n /  for n f  
From  this table one sees th a t a t the  scale of m M
3.
1 GeV
TABLE I: Pair-creation constant ym  as function of a s.
^  [GeV] a s (^) Ym  (y)
TO 0.00 1.535
80.0 0.10 1.685
35.0 0.20 1.889
1.05 0.30 2.191
0.55 0.40 2.710
0.40 0.50 3.94
0.35 0.55 5.96
a value ym =  2.19 is reasonable. This value we will use 
la ter when com paring the Q PC-m odel predictions and 
the ESC04-model coupling constants. As rem arked in 
[40] the correction to  y0 is not small, and therefore should 
be seen as an indication.
In Table II we show the 3P 0-model results and the values 
obtained in the  ESC04-fit. In th is table we fixed ym =  
2.19 for the vector-, scalar-, and axial-vector-mesons, for 
=  0.54 fm. This ’effective’ radius is choosen from [17], 
where it was determ ined using the Regge slopes. Here, 
one has to  realize th a t  the Q PC -predictions are kind of 
”bare” couplings, which allows vertex corrections from 
meson-exchange. For the pseudoscalar, a different value 
has to  be used, showing indeed some ’runn ing’-behavior 
as expected from QCD. In [40], for the  decays p, e ^  2n 
etc. it was found Yn =  3.33, whereas we need here Yn =  
4.84. Of course, there are several ways to  change this 
by, for example, using o ther ’effective’ meson-radii. For 
the mesonic decays of the  charm onium  sta tes y^ =  1 .12 . 
One notices the sim ilarity  between the Q P C (3P 0)-model 
predictions and the fitted couplings.
Finally, we notice th a t the Schwinger relation [19]
gWNai - f N N i t  , (4.5)
is also ra th e r well satisfied, b o th  in the Q PC-m odel and 
the ESC04-fit.
m
m
12
TABLE II: ESC04 Couplings and 3P0-Model Relations.
Meson rM [fm ] X m Ym 3 Po ESC04
n(140) 0.66 5/6 4.84 f =  0.26 f  =  0.26
p(770) 0.66 1 2.19 g =  0.93 g =  0.78
w(783) 0.66 3 2.19 g =  2.86 g =  3.12
a 0(962) 0.66 1 2.19 g =  0.93 g =  0.81
e(760) 0.66 3 2.19 g =  2.47 g =  2.87
ai(1270) 0.66 5 ^2 /6 2.19 g =  2.51 g =  2.42
V . E SC -M O D E L  , R ESU LTS
A. P a ra m e te rs  and  N ucleon-nucleon  F it
During the searches fitting the N N -data w ith the 
present ESC-model ESC04, it was found th a t the OBE- 
couplings could be constrain t successfully using the 
’naive’ Q PC -predictions as a guidance [16]. A lthough 
these predictions, see section IV, are ’b a re ’ ones, we kept 
during the searches all OBE-couplings ra th e r closely in 
the neighborhood of these predictions. Also, it appeared 
th a t we could either fix all F / ( F  +  D )-ratios to  those as 
suggested by the  Q PC-m odel, or apply the same stra tegy  
as for the OBE-couplings.
The meson nonets contain rm  SU(3) octet and mixed 
octet-singlet members. We assign in principle cut-offs A8 
and Ai to  the  octets and singlets respectively. However, 
because of the  octet-singlet mixings for the  I  =  0 mem­
bers, and the use of the  physical mesons in the potentials, 
we use A 1 for all I  =  0-mesons. We have as free cut-off 
param eters (Ap , Ag , A f ), and sim ilarly a set for the sin­
glets. For the axial-vector mesons we use a single cut-off 
AA.
The trea tm en t of the  broad  mesons p and e is the  same 
as in the OBE-m odels [8, 14]. In this trea tm en t a broad 
meson is approxim ated by two narrow  mesons. The mass 
and w idth of the broad meson determ ines the masses 
m 12 and the weights ^ 1j2 of these narrow  ones. For the 
p-meson the same param eters are used as in [8, 14]. How­
ever, for e =  fo(760), assum ing [14] m e =  760 MeV and 
r e =  640 MeV, the B ryan-G ersten param eters [42] are 
used: m 1 =  496.39796 MeV, m 2 =  1365.59411 MeV, and
&  =  0.21781, £ 2 =  0.78219.
The ’m ass’ of the  diffractive exchanges were all fixed 
to  m P =  309.1 MeV.
Sum m arizing the param eters we have for NN:
1. Q PC -constrained: fwwn, , 
fwNp, /wNw, SNNm , gao ,9NWe, 9NNA2 , SNNP,
2 . P air coup lings: gNW [n)i , f N N [n)i , 9WW(np)i,
3. Cut-off masses: Ap , Ag , Af , AV, Af , AA.
The pair coupling gNN(nn)0 was kept fixed a t a small, 
bu t otherwise a rb itra ry  value.
Together w ith the fit to  the 1993 Nijmegen represen­
ta tio n  of the  x 2-hypersurface of the  N N -scattering d a ta  
below Tlab =  350 MeV [43], also some low-energy param ­
eters were fitted: the np and nn scattering  lengths and 
effective ranges for the 1S0, and the binding energy of 
the deuteron .
We obtained for the phase shifts a x 2/N data =  1.155. 
The phase shifts are shown in Table’s III and IV, and 
also in F ig .’s 5-8 . In Table VIII the d istribu tion  of the x 2 
for ESC04 is shown for the ten  energy bins used in the 
single-energy (s.e.) phase shift analysis, and com pared 
w ith th a t of the  upda ted  partial-w ave analysis [45].
We emphasize th a t we use the single-energy (s.e.) 
phases and  x 2-surfaces [45] only as a means to  fit the  NN- 
data . As stressed in [43] the  Nijmegen s.e. phases have 
not much significance. The significant phases are the 
m ulti-energy (m.e.) ones, see the dashed lines in the  fig­
ures. One notices th a t  the central value of the s.e. phases 
do not correspond to  the m.e. phases in general, illu stra t­
ing th a t there has been a certain  am ount of noise fitting 
in the  s.e. PW -analysis, see e.g. e1 and 1P 1 a t Tlab =  100 
MeV. The m.e. PW -analysis reaches x 2/N data =  0.99, 
using 39 phenomenological param eters plus norm aliza­
tion  param eters, in to ta l more th an  50 free param eters. 
The related  phenomenological PW -potentials NijmI,II 
and Reid93 [46], w ith respectively 41, 47, and 50 param e­
ters, all w ith  x 2/N data =  1.03. This should be com pared 
to  the ESC-model, which has x 2/N data =  1.155 using 
20 param eters. These are 11 Q PC -constrained meson- 
nucleon-nucleon couplings, 6 m eson-pair-nucleon-nucleon 
couplings, and 3 gaussian cut-off param eters. From  the 
figures it is obvious th a t the  ESC-model deviates from the 
m.e. PW -analysis a t the highest energy for some partia l 
waves. If we evaluate the  x 2 for the first 9 energies only, 
we ob tain  x 2/Ndata =  1.10.
In Table V the results for the low energy param eters 
are given. In order to  discrim inate between the 1S0-wave 
for pp, np, and nn, we in troduced some charge indepen­
dence breaking by taking gpw =  g„pp =  g„„p. W ith  this 
device we fitted the  difference between the 1S 0 (pp) and 
1 S 0(np ) phases, and the different scattering  lengths and 
effective ranges as well. We found gnpp =  0.71, gnnp =  
0.74, which are not far from gppp =  0.78, see Table V I.
For a „ „ (1S 0) we have used in the fitting the value from 
an investigation of the n-p and n-n final s ta te  in terac­
tion  in the 2H ( n , nnp) reaction a t 13 MeV [47]. The 
value for a nn(1S 0) is still som ewhat in discussion. An­
other recent determ ination [48] obtained e.g. a nn(1S 0) =
13
FIG. 5: Solid line: proton-proton I  =  1 phase shifts (de­
grees), as a function of Tiab(MeV), for the ESC04-model. The 
dashed line: the m.e. phases of the Nijmegen93 PW-analysis 
[43]. The black dots: the s.e. phases of the Nijmegen93 PW- 
analysis. The diamonds: Bugg s.e. [44].
FIG. 6: Solid line: proton-proton I  =  1 phase shifts (de­
grees), as a function of Tiab (MeV), for the ESC04-model. The 
dashed line: the m.e. phases of the Nijmegen93 PW-analysis 
[43]. The black dots: the s.e. phases of the Nijmegen93 PW- 
analysis. The diamonds: Bugg s.e. [44].
-1 6 .2 7  ±  0.40 fm. F ittin g  w ith the la tte r value yields for 
the ESC04-model the  value -1 6 .7 4  fm. Then, the  qual­
ity  of the  fit to  the phase shift analysis is the same, w ith 
small changes to  the param eters and phase shifts. For a 
discussion of the theoretical and experim ental s ituation  
w .r.t. these low energy param eters, see also [49].
B. C oup ling  C o n stan ts
In Table VI we show the OBE-coupling constants and 
the gaussian cut-off’s A. The used a  = : F / ( F  +  D)- 
ra tio ’s for the OBE-couplings are: pseudoscalar mesons 
a pv =  0.388, vector mesons a g  =  1.0, am =  0.387, 
and scalar-m esons a f  =  0.852, which is com puted us­
ing the physical S* =  f 0(993) coupling etc.. In Ta­
ble VII we show the M PE-coupling constants. The used 
a  = : F / ( F  +  D )-ra tio ’s for the M PE-couplings are: (nn) 
etc. and (nw) pairs a ({ 8 s}) =  1.0, (n n )1 etc. pairs 
a g ({ 8 } a) =  1.0, am ({8}a) =  0.387, (np )1 etc. pairs 
aA({8}a) =  0.652.
Unlike in [2, 3], we did not fix pair couplings using a
theoretical model, based on heavy-meson sa tu ra tio n  and 
chiral-sym m etry. So, in addition to  the 14 param eters 
used in [2, 3] we now have 6 pair-coupling fit param eters. 
In Table VII the  fitted  pair-couplings are given. Note 
th a t the (n n )0-pair coupling gets contributions from the 
{1} and the {8s} pairs as well, giving in to ta l g(nn) =
0.10, which has the same sign as in [3]. The / ( nn)j-pair 
coupling has opposite sign as com pared to  [3]. In a model 
w ith a more complex and realistic m eson-dynamics [4] 
th is coupling is predicted as found in the present ESC-fit. 
The (np)i-coupling agrees nicely w ith A i-sa tu ra tion , see 
[3]. We conclude th a t the  pair-couplings are in general 
not well understood, and deserve more study.
The ESC-m odel described here is fully consistent w ith 
SU(3)-symmetry. For the  full SU(3) contents of the pair 
in teraction  H am iltonians we refer to  paper II, section III. 
Here, one finds for exam ple th a t g(np)j =  , and be­
sides (np)-pairs one sees also th a t (K K * (/ =  1)- and 
K K * (/ =  0)-pairs contribute to  the N N  potentials. All 
F / ( F + D ) - r a t io ’s are taken fixed w ith heavy-meson sa tu ­
ra tion  in mind, which implies th a t these ratios are 0. 4 or 
1.0 depending on the heavy-meson type. The approxim a-
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FIG. 7: Solid line: neutron-proton I  =  0 phase shifts (de­
grees), as a function of Tlab(MeV) for the ESC04-model. The 
dashed line: the m.e. phases of the Nijmegen93 PW-analysis 
[43]. The black dots: the s.e. phases of the Nijmegen93 PW- 
analysis. The diamonds: Bugg s.e. [44].
tion  we have m ade in th is paper is to  neglect the baryon 
mass differences, i.e. we pu t w a =  m s  =  m N . This 
because we have not yet worked out the  formulas for the 
inclusion of these m ass differences, which is straightfor­
w ard in principle.
V I. D ISC U S S IO N  A N D  C O N C L U SIO N S
FIG. 8: Solid line: neutron-proton I  =  0 phase shifts (de­
grees), as a function of Tlab(MeV) for the ESC04-model. The 
dashed line: the m.e. phases of the Nijmegen93 PW-analysis
[43]. The black dots: the s.e. phases of the Nijmegen93 PW- 
analysis. The diamonds: Bugg s.e. [44].
We m entioned th a t we do not include negative energy 
s ta te  contributions. I t is assum ed th a t a strong pair 
suppression is operative a t low energies in view of the 
com posite na tu re  of the nucleons. This leaves us for the 
pseudoscalar mesons w ith two essential equivalent in ter­
actions: the  direct and the derivative one. In expanding 
the N N n - etc. vertex in 1 /M N these two in teractions dif­
fer in the 1/M N -term s, see [2] equations (3.4) and (3.5). 
This gives the possibility to  use instead of the  in teraction 
in (3.1) the  linear com bination
1 i p S =  ^  [ (1  -  a P V ) g NN7Tt p i Y 5 T i p  ■ 7 T +
apv(fN N n/m n)Y mY5T ^ • dMn] , (6.1)
where =  (2M N /m n ) f NNn. In ESC04 we have fixed 
a PV =  1, i.e. a purely derivative coupling.
The presented ESC-model is successful in describ­
ing the N N -data, even in th is Q PC -constrained ver­
sion. Allowing to ta l freedom in the couplings and cut-off 
masses, and w ithout fitting the low-energy param eters, 
we reached the lowest xp d p =  1.10. However, in th a t 
case some couplings look ra th e r artificial. W ith  some less
freedom, a typical fit w ith  ESC-m odel has xp d p =  1.15, 
see e.g. [5]. This m eans th a t by constraining the param e­
ters ra th e r strongly, In the present NN-model ESC04 we 
we reached xp d p =  1.155, i.e. we have only an ex tra  
A x 2 ~  250, showing the feasibility of the Q PC -inspired 
couplings.
The gain of this is th a t we have physical m otivated 
OBE-couplings etc.. We will see in the next paper of 
th is series, where we study  the S  =  —1 YN-channels, 
th a t this feature persists when we fit N N  and YN si­
m ultaneously. Then, the advantage is th a t going to  the 
S  =  —2 YN- and  YY-channels, it is reasonable to  believe 
th a t the  predictions m ade for these channels are realistic 
ones. So far, there did not exist a realistic NN-model 
w ith sizeable axial-vector mesons couplings as predicted 
by Schwinger [19]. Also, the  zero in the  scalar form fac­
to r has m oderated  the f 0(760)-coupling such th a t it fits 
w ith the QPC-m odel.
A m om entum  space version of ESC04 is readily avail­
able, using the m aterial in [5]. We only have to  add the 
m om entum  space potentials for the  axial-vector mesons, 
and the G raz-corrections [34], which is ra th e r straight-
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TABLE III: ESC04 pp and np nuclear-bar phase shifts in 
degrees.
Tlab 0.38 1 5 10 25
J data 144 68 103 290 352
A x2 20 38 17 34 12
1So (np) 54.58 61.89 63.04 59.13 49.66
1 So 14.62 32.63 54.76 55.16 48.58
3Si 159.38 147.76 118.21 102.66 80.76
£1 0.03 0.11 0.67 1.14 1.72
3Po 0.02 0.13 1.55 3.67 8.50
3P1 -0.01 -0.08 -0.87 -1.98 -4.78
1P1 -0.05 -0.19 -1.52 -3.12 -6.49
3P2 0.00 0.01 0.22 0.66 2.49
£2 -0.00 -0.00 -0.05 -0.19 -0.78
3D 1 0.00 -0.01 -0.19 -0.69 -2.85
3D 2 0.00 0.01 0.22 0.86 3.73
1D 2 0.00 0.00 0.04 0.16 0.68
3D3 0.00 0.00 0.00 0.00 0.04
£3 0.00 0.00 0.01 0.08 0.56
3F2 0.00 0.00 0.00 0.01 0.10
3F3 0.00 0.00 -0.00 -0.03 -0.22
1F3 0.00 0.00 -0.01 -0.07 -0.42
3F4 0.00 0.00 0.00 0.00 0.02
£4 0.00 0.00 0.00 -0.00 -0.05
forward.
Finally, the  potentials of th is paper are available on 
the In ternet [50].
TABLE IV: ESC04 pp and np nuclear-bar phase shifts in 
degrees.
Tlab 50 100 150 215 320
J data 572 399 676 756 954
A x2 118 29 114 137 337
1 So (np) 38.81 24.24 13.80 3.27 -9.80
1So 38.77 24.71 14.42 3.97 -9.05
3S1 63.03 43.79 31.66 20.27 6.93
£1 1.96 2.18 2.50 3.08 4.21
3Po 11.51 9.68 5.14 -1.13 -10.19
3P1 -8.16 -13.22 -17.43 -22.24 -28.81
1P 1 -9.92 -14.65 -18.67 -22.37 -29.87
3P2 5.78 10.94 14.09 16.26 17.28
£2 -1.66 -2.63 -2.92 -2.77 -2.13
3D 1 -6.58 -12.67 -17.29 -21.90 -27.41
3D 2 8.97 17.20 22.06 24.92 25.15
1D 2 1.67 3.77 5.76 7.82 9.65
3D3 0.27 1.28 2.53 3.94 5.24
£3 1.62 3.52 4.87 6.01 6.93
3F2 0.32 0.75 1.00 0.97 0.07
3F3 -0.65 -1.42 -2.02 -2.65 -3.63
1 F3 -1.12 -2.18 -2.87 -3.56 -4.70
3 F4 0.11 0.46 0.95 1.67 2.84
£4 -0.19 -0.51 -0.81 -1.11 -1.44
3 G3 -0.27 -0.99 -1.88 -3.10 -4.92
3 G4 0.72 2.14 3.56 5.20 7.29
1G4 0.15 0.40 0.67 1.02 1.63
3 G -0.05 -0.19 -0.32 -0.42 -0.43
£5 0.21 0.72 1.26 1.90 2.75
A P P E N D IX  A: A X IA L -V E C T O R -M E S O N  
C O U P L IN G  TO  N U C L E O N S
The coupling of the axial mesons ( J =  1++) to  the 
nucleons is given by
C-a n n  =  9  A  [V’Y5Ymt V’] • AM  +  [V’75T‘ V’] •
(A1)gA [^A757mt • A
Here, M  =  1 GeV is again a scaling mass. We note th a t 
w ith / a =  0 th is coupling is p a rt of the A ^ in te rac tio n  to  
pions and nucleons
L i  =  2gA •A^
which is such th a t the A 1 couples to  an alm ost con­
served axial current (PCA C). Therefore, the  A 1-coupling 
used here is com patible w ith broken SU(2)V x SU(2)A- 
sym m etry, see e.g. [33, 51]. For a more com plete dis­
cussion of the A 1-couplings to  baryons we refer to  [4]. 
The la tte r reveals th a t as far as the axial-nucleon-nucleon 
coupling is concerned it is indeed of the type indicated 
above.
In the Proca-form alism , for the axial-vector propagator 
enters the  polarization-sum
n MV(k) =  J 2  eM(k, A)ev(k, A) =  - n MV +  k ^k v/ m 2 (A2)
A
where m  denotes the  mass of the axial meson and eM(k)
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TABLE V: ESC04 Low energy parameters: S-wave scattering 
lengths and effective ranges, deuteron binding energy E B, and 
electric quadrupole Qe.
experimental data ESC04
app( So) -7.823 ± 0.010 -7.770
So ) 2.794 ± 0.015 2.753
anp( S0) -23.715 ± 0.015 -23.860
^np( So) 2.760 ± 0.030 2.787
ann( S0) -18.70 ± 0.60 -18.63
^nn( So) 2.75 ± 0.11 2.81
a„p(3Si) 5.423 ± 0.005 5.404
rnp(3Si) 1.761 ± 0.005 1.749
E b -2.224644 ± 0.000046 -2.224933
Qe 0.286 ± 0.002 0.271
TABLE VI: Meson parameters employed in the potentials 
shown in Figs. 1 to 4. Coupling constants are at k2 =  0. An 
asterisk denotes that the coupling constant is not searched, 
but constrained via SU(3) or simply put to some value used 
in previous work. The used widths of the p and e are 146 
MeV and 640 MeV respectively.
meson mass (MeV) g / \ f l tv f / V 4tt A (MeV)
n 138.04 0.2621 829.90
n 548.80 0.1673* 900.00
T) 957.50 0.1802 900.00
p 770.00 0.7794 3.3166 782.38
w 783.90 3.1242 0.0712 890.23
0 1019.50 -0.6957 1.2686* 890.23
ai 1270.00 2.4230 968.23
f i 1420.00 1.4708 968.23
f i 1285.00 0.5981* 968.23
ao 962.00 0.8111 1161.27
£ 760.00 2.8730 1101.62
fo 993.00 -0.9669 1101.62
a2 309.10 0.0000
Pomeron 309.10 2.2031
u(p /)r5 (p /,p )u(p) 
E (p ) -  E (p /)
T 2M
i [a ■ (p  -  p /) 
a  ■ (p +  p /) (A4)
TABLE VII: Pair-meson coupling constants employed in the 
ESC04 MPE-potentials. Coupling constants are at k 2 =  0.
J pc SU(3)-irrep (aß) g/Air ƒ /4tt
0++ {1} (nn)o 0.0000
0++ ,, (ffff) —
0++ {8}s (nn) -0.440
0++ (nn') —
{8}a (nn) i 0.000 0.119
1++ ,, (nP)i 0.835
1++ ,, (iff) 0.022
1++ ,, (nP  ) 0.0
1+- {8}s (nw) -0.170
TABLE VIII: x 2 and x 2 per datum at the ten energy bins for
the Nijmegen93 partial-wave-analysis. N dita lists the number
of data within each energy bin. The bottom line gives the
results for the total 0 — 350 MeV interval 22xehT excess for
the ESC model is denoted by A x2 and A x2, respectively.
Tlab J data oto A x2 oto AX2
0.383 144 137.5549 20.7 0.960 0.144
1 68 38.0187 52.4 0.560 0.771
5 103 82.2257 10.0 0.800 0.098
10 209 257.9946 27.5 1.234 0.095
25 352 272.1971 29.2 0.773 0.083
50 572 547.6727 141.1 0.957 0.247
100 399 382.4493 32.4 0.959 0.081
150 676 673.0548 85.5 0.996 0.127
215 756 754.5248 154.6 0.998 0.204
320 954 945.3772 350.5 0.991 0.367
Total 4233 4091.122 903.9 0.948 0.208
the polarization vector. Because
[^Y5Ym^] [ ^ Y 5 Y v =  [-i'tpY5Y^kM^  [+*^Y5Yvkv
(A3)
the second term  in the ’p ropaga to r’ gives potentials 
which exactly are of the form as those of pseudo-vector 
exchange. We note th a t  these r 5(p ',p ) =  y5Y • k-factors 
come from the d M-derivative of the pseudo-vector baryon­
current. Then,
in contrast to  w hat is used in [20], where in the 1 /M  -term  
w(k) is taken, instead of the  baryon energy difference. 
Notice th a t the second term  in (A4) is of order 1 /M 2 
and moreover vanishes on energy-shell. Hence th is term  
we neglect. We w rite
Va  =  +  V f (A5)
z2. The tran s­
form ation to  the Lippm ann-Schwinger equation implies 
the potential
where V j2} =  V p y  w ith  f 2P v /m 2 ^  g2A/
Va 1
k 2 q 2
8 M /M  2 M /M
Va (A6)
Below, M ' =  M n  and M  =  M Y, which are the  average 
nucleon mass or an average hyperon mass, depending on 
the baryon-baryon system.
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1. VA^-potential te rm Then, we find in configuration space
Restriction to  term s which are a t m ost of order 1 /M 2, 
we find for the poten tia l in Pauli-spinor space for the 
Lippm ann-Schwinger equation for V(1) Note here th a t, 
especially for the  anti-spin-orbit term , th a t (M , ct1) and 
(M ' , a 2 ) go w ith line 1 respectively w ith line 2. Defining
VA ] =  r ) ( > l  ' cr2)
1
12M  'M—  (V 2^C +  ¿ C ( m> r )(^1 • CT2)
k  =  p ' - p  , q  =  ^ ( p ' + p )
and using moreover the  approxim ation 
1 1 2
+M 2 M  2 M M
(A7)
(A8)
3m
+ W M  M m 'r) Su + ^ o(m’r) L ' S2M  M
+
m M '2 -  M 2 ^(o ), , 1 , , T
4 M 'M  M -M  O o ( » . , 0  ■ 5 ( < ^ i - ^ ) - L
(A12)
the poten tia l V(1) is given in m om entum  space by
v ( 1) gA 6M  'M
2
+
+
M M  
1
4M7M  
/  1
+TTTT7 I (cri • q)(<72 • q) -  - q 2<7i • <72
(<7i • k)(<72 • k) -  ^ k 2<7i • <72
l 4 M ^ “ a ^ ) ' 5 (<Tl_<T2) q x k
4 M  ' M
(cti +  CT2) • q  x k
Now, for a com plete trea tm en t one has to  deal w ith the 
non-local tensor. A lthough this can be done, see notes 
on non-local tensor potentials [37], in th is work we use an 
approxim ate trea tm en t. We neglect the  purely non-local 
tensor poten tia l by m aking in (A9) the substitu tion
1
M M
17 ( (<7i • q)(<72 • q) - -q <7i • <72
---------- (  (<7i • k) (<7 2 • k ) -----k 2<7i • <72 ) (A10)
4M M '  V A ’ 3 ' ’
leading to  a poten tia l w ith only a non-local spin-spin 
term . W ith  this approxim ation, (A9) becomes
2. VA2)-p o te n tia l te rm
For the PV -type contributions we have [34]
V(2)
k 2
- & l  1 -
rri2 V 8M 'M
q 2
2M  M
x(<7i -k)(<72 -k ) ( \ (A13)
The corresponding potentials in configuration space are
gA h  ^ , 1 1 
3 (<71 ' <72) ^  +  m ^ M
(CT1 • CT2)
( v V C  +  ¿ C v 2) +  S 12 ¿T 
1
4M  M ( v 2$  S 12 +  ¿T  S 12V 2
(A14)
V ( 1)
g 2 (q2 +  k 2/4 ) '1 H------„ » r , 1. ,—  ) cr 1 - cr 2
3
+
+
4M  'M  
/  1
6M  M
(<7i • k)(<72 • k) -  - k 2<7i • <72
q x k
4M  M
(ct1 +  ^ 2) • q  x k A) • ( AH)
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